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ABSTRACT
Komolafe, Adetoun Opetola. MS. The University of Memphis. December 2014.
Contribution of Hyaluronan degradation on the structure of lungs: development of
experimental techniques. Major Professor: Esra Roan, Ph.D.
Acute respiratory distress syndrome patients are administered high levels of
oxygen and then mechanical ventilation. The combination of these is thought to cause
worse lung injury than either alone through biophysical mechanisms partly involving
overdistension. The basis of this thesis is that injury may be associated with degradation
of hyaluronan, a key component of the extracellular matrix having compressive
resistance. Although hyaluronan is known to degrade directly by reactive oxygen species
or by hyaluronidase, it is not possible to measure the contribution of hyaluronan
degradation in lung structure. Molecular weight measurements were used to confirm
hyaluronan degradation, while nano indentation of commercially available hyaluronan
hydrogel was used to measure stiffness changes due to degradation. Bacterial hyaluronan
degraded with hydrogen peroxide and hyaluronidase; both treatments led to changes in
the stiffness of the hydrogel. In summary, this hydrogel may serve as an in vitro model of
hyaluronan degradation in the lungs.
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Chapter 1: Introduction
Acute respiratory distress syndrome (ARDS) is a lung condition characterized by
fluid buildup in the alveoli often leading to a decrease of oxygen in the blood. ARDS has
a mortality rate of about 30-60% (Imai et al., 2005). Clinical interventions generally
require the administration of high concentrations of oxygen (>50%) and ultimately
mechanical ventilation. Mechanical ventilation has now been accepted as a factor in
creating more lung injury (Santos & Slutsky, 2000) . In addition, oxygen toxicity in the
absence of mechanical ventilation, especially due to prolonged exposure to high
concentrations of oxygen (hyperoxia), is increasingly shown to be a factor in generating
more lung injury (Li, Liao, Ko, Lee, & Quinn, 2007; Makena et al., 2010; Roan et al.,
2012a). In our group, we have shown that hyperoxia leads to worsening of lung injury in
mice and alveolar epithelial cells (Makena et al., 2010; Roan et al., 2012a). More
specifically, our group showed that hyperoxia leads to an increase in the stiffness of
alveolar epithelial cells, which then leads to alveolar epithelial cell injury (Roan et al.,
2012a) due to the inability of cells to deform with over-distention. This type of direct
damage to alveolar epithelial cells is postulated as a biophysical mechanism of lung
injury in ARDS that relies on the treatment of the alveoli and cells as a bi-layered
composite structure undergoing excessive stretch. In addition to lung injury to cells, there
is also the question of whether changes in the extracellular matrix (ECM) due to
hyperoxia treatment may be contribute to over-distention associated lung injury.
In developing lungs, oxidative stress induces ECM remodeling (in particular
proteoglycan (PG) remodeling) (Rahman & MacNee, 2000). Neonatal mouse lungs have
shown increased collagen and altered elastin deposition when exposed to hyperoxia for 8
1

days (Chetty et al., 2008). Moreover, a study on bovine pulmonary artery endothelial
cells exposed to 72 hrs of hyperoxia showed cells secreted more PGs than untreated cells
(Humphries, Lee, Fanburg, & Silbert, 1986). The role of long-term hyperoxia in the
synthesis and modification of PGs is not fully understood. Considering that PGs are
sulfated or non-sulfated unbranched carbohydrate network of GAGs linked to a protein
core, hyperoxia –induced alterations could lead to fragmentation and/or depolymerization
of the GAGs. Since PGs play a significant role in the response of the lung parenchyma to
mechanical deformation and are able to modulate the healing process following lung
injury (Juul, Krueger, Scofield, Hershenson, & Schwartz, 1995), it is important to
understand how their structure is altered by high levels of oxygen, either directly or
indirectly.
Among the many PGs of the lung tissue, hyaluronan (HA), an extremely large
ECM polysaccharide (~2 X 106 Da), consists of recurring subunits of N-acetyl
glucosamine and glucuronate (Cowman, Li, & Balazs, 1998). In the lungs, HA is mainly
localized in the interalveolar/perialveolar and peribronchial tissue (Lennon & Singleton,
2011) and its aqueous form is highly viscous. These properties enable its filtering and
space filling functions in the lung (Lennon & Singleton, 2011). The biological functions
of HA are largely determined by its size; high molecular weight HA (HMWHA) exhibits
anti angiogenic, anti-inflammatory and anti-immunosuppressive properties. Low
molecular weight HA (LMWHA), on the other hand, promotes angiogenesis, induces
expression of inflammatory mediators and decreases cell barrier function (Stern, Asari, &
Sugahara, 2006).
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Degradation of HA with oxidative stress has been studied in joint health
(Henrotin, Kurz, & Aigner, 2005). For example, in synovial fluid, it has been shown that
under inflammation or oxidative stress, the degradation of HMWHA in to LMWHA is
often associated with a decrease in viscoelastic properties (Tamer, 2013). In the lung
measurement of aspirates from smokers’ lungs indicate that ROS promotes degradation
of HA into LMWHA (Casalino-Matsuda, Monzón, & Forteza, 2006). It has also been
shown in isolated capillary endothelial cells that the degradation of HA can occur due to
HA degrading enzyme activity stimulated by ROS production induced by excessive
oxygen treatment (Brueckl et al., 2006). However, most prior studies of HA degradation
did not consider the changes in ECM from the perspective of ARDS, i.e., change in ECM
during the early stages of oxygen treatment and/or mechanical ventilation (MV). As
such, the direct or indirect impact of short-term hyperoxia and MV on HA degradation is
not well understood.
The overall aim of this research project is to understand the role of short-term
(<72hrs) hyperoxia in the alterations of the extracellular matrix (ECM). The underlying
hypothesis of this experimental development study is that GAGs exposed to short-term
hyperoxia in the lungs will experience degradation and fragmentation directly or
indirectly by ROS. The rationale is that most ARDS research is focused either on cellular
responses and long-term outcomes of prolonged hyperoxia and MV on lung ECM
composition (not structure). Studies show that ROS, produced rapidly by cells (Corda,
Laplace, Vicaut, & Duranteau, 2001) exposed to hyperoxia, rapidly lead to increased
synthesis of HA degrading enzymes such as hyaluronidase. Therefore, it is possible that
HA degradation leads to structural changes of ECM in the lungs with short-term
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hyperoxia. However, the structural evaluation of HA degradation and its contribution to
the lung structure is technically challenging. Before we can fully understand the
structural role of HA in hyperoxic lungs, we need to set up a new experimental method to
study the relationship between the mechanical response and degradation. Therefore, the
main aim of this thesis is to develop experimental techniques to study the structural and
compositional changes of HA due to ROS induced degradation and tie this information to
the mechanical response of the material. In order to achieve this goal, experimental
techniques such as agarose gel electrophoresis and nano-indentation with atomic force
microscopy, were used.
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Chapter 2: Background
Acute Respiratory Distress Syndrome (ARDS), a severe form of acute lung
injury, often results in severe gas exchange abnormalities by barrier breakdown and the
flooding of the alveolar spaces with protein rich edema fluid (Hudson, 1999). ARDS
patients are often administered high concentrations of oxygen during and before the
intervention of mechanical ventilation; mechanical ventilation and hyperoxia have been
proposed to cause further damage and over distension of the lungs (Bailey, Martin, Zhao,
& Veldhuizen, 2003). Histological samples have shown that both high oxygen levels and
mechanical ventilation can independently induce similar injuries to that of ARDS (Davis
et al., 1989; Makena et al., 2010). It has been postulated that the lung’s response to
excessive loading is in the alteration of the ECM composition and structure (Al-Jamal &
Ludwig, 2001).
ARDS is characterized by pulmonary edema, hypoxemia, increased microvascular
permeability, neutrophil influx and respiratory failure (Thompson & Moss, 2013). During
the progression of ARDS, it has been suggested that there is an increased turnover of
ECM based on evidence of degradation products of type IV collagen found in alveolar
airspaces (Kondoh & Ec, 1992) along with the evidence of collagen synthesis via type III
procollagen peptides (Clark, Milberg, Steinberg, & Hudson, 1995). Other studies have
shown an increased deposition of versican (a proteoglycan) in the lesions of ARDS; in
the fibroproliferative phase, versican appeared to be localized in the thickened
interstitium (Bensadoun, Burke, Hogg, & Roberts, 1996). All these investigations point to
the fact that the progression of ARDS involves ECM remodeling and turnover.
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Proteoglycans (PG) are heavily glycosylated proteins consisting of a core protein
covalently bonded to a glycosaminoglycan (Al-Jamal & Ludwig, 2001). Under
physiological conditions, proteoglycan carbohydrate polymer chains are long and linear
with highly charged carboxylate and sulfate groups. Proteoglycans function as tissue
organizers, modulators of growth factors, as biological filters and as a regulator of
collagen fibrillogenesis (Zagris, 2001). Proteoglycans basically are essential to life and
can be divided based on their repeating disaccharide structure, for example, hyaluronan
(HA), dermatan sulfate and chondroitin sulfate have similar repeating disaccharide
structures, while heparan sulfate and heparin also share similar structures (Gargiulo &
Castro, n.d.). All glycosaminoglycans (GAG) with the exception of HA are covalently
attached to a core protein. Due to variations in composition, core protein, length and
number of the GAG side chains, there is a considerable diversity in the function and
structure of proteoglycans of the extracellular matrix (Bensadoun et al., 1996). Although
alterations of collagen in ARDS lungs has been shown (Last, Siefkin, & Reiser, 1983;
Negri et al., 2002), much less is known about the changes in the proteoglycans and
GAGs.
2.1 Hyaluronan
Hyaluronan (HA) is a very large ECM polysaccharide with a molecular size up to
2x104 kDa, consisting of recurring subunits of N-acetylglucosamine and glucuronate
(Cowman et al., 1998). The extracellular matrix and pericellular matrix of tissue are
predominantly where HA is found, but it has also been shown to exist intracellularly
(Necas, Bartosikova, Brauner, & Kolar, 2008). The biological functions of HA include
being responsible for the viscoelasticity of joint synovial fluid and vitreous fluid of the
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eye, maintenance of tissue hydration and water transport as well as organization of other
proteoglycans in the ECM (Cowman et al., 1998; Necas et al., 2008).
HA was discovered by Karl Meyer and John Palmer in 1934. Having found that
the discovered substance contained uronic acid (a class of sugar acids having both a
carbonyl group and a carboxylic acid functional group), it was initially called “hyaluronic
acid” derived from the Greek word “hyalos” which means glass + uronic acid. In 1950,
Karl Meyer and colleagues solved for the chemical structure of HA where HA was
initially isolated as an acid but behaved like a salt (sodium hyaluronate) under some
physiological conditions (Necas et al., 2008). It wasn’t until 1986 that the term
hyaluronan was introduced and this was to conform to the international nomenclature of
polysaccharides and is attributed to Endre Balazs.
In the late 1950s, hyaluronan was isolated from human umbilical cord and rooster
comb in its highly purified form, and then applied surgically as substitution for vitreous
of the eye. The isolation of HA from animal and bacterial synthesis has helped to better
understand its physiological and biological functions.
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Figure 1. Structure of hyaluronan

2.2 Methods for determination of structural and mechanical properties of HA
2.2.1 Agarose gel electrophoresis
High molecular weight HA (HMWHA) of ∼2×105 to ∼10×107 Da can be
degraded into low molecular weight HA (LMWHA) by enzymatic or non- enzymatic
processes (Monzon et al., 2010). The molecular weight of HA is an important
determinant of its biological functions and agarose gel electrophoresis has been deployed
as a method for detection of changes in molecular weight of HA during tissue
remodeling, inflammation and development (Cowman et al., 2011). The fragment size of
HA is important in the determination of cell responses, for example Noble et al have
reported that during inflammation in alveolar macrophages, HA fragments (<200kDa)
induced expressions of chemokines (McKee et al., 1996). The method by Cowman is
based on well-known technique used in DNA separation where the gel matrix acts as a
sieve that separates HA molecules based solely on the size. The method has been
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improved for speed and sensitivity when compared to their previous studies (M.K
Cowman et al., 2011).
2.2.2 Atomic force microscopy (AFM)
2.2.2.1 Tapping mode AFM
AFM imaging in air has been used as method of determination of structural
information about isolated HA deposited on a mica surface (Mori et al., 2012). AFM
provides the necessary resolution to establish interactions along the isolated HA loop
stem and structural information. By using tapping mode AFM, Cowman et al have also
observed HA chain networks as well as visualization of individual HA chains under
certain hydrated conditions (M.K Cowman et al., 2005).
2.2.2.2 AFM nanoindentation studies
Atomic force microscopy makes use of nano indentation to measure structural and
mechanical properties of a substance. The use of AFM in the measurement of elastic
modulus in cells (Roan et al., 2012a) and hydrogels (Markert et al., 2013) have been
reported. AFM has the ability to measure at pico scale (pN) force, which is applicable for
cells and biological samples. Also, AFM can be employed in liquid/semi-solid
environments, making it suitable for use in biological experiments (Rehfeldt, Engler,
Eckhardt, Ahmed, & Discher, 2007).
2.3 The role of HA in lung physiology
The molecular weight of HA and its ability to bind to various HA binding proteins
makes it a dynamic molecule capable of either promoting or inhibiting lung pathology,
hence the biological functions of HA are greatly correlated with its molecular size and
ability to bind to HA binding proteins (Lennon & Singleton, 2011; Monzon et al., 2010).
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The most abundant form of HA in vivo is high molecular weight (HMW-HA), and
structurally it takes the form of a random coil whose size can increase in aqueous
solutions (Singleton, 2013). Aqueous HMW-HA is extremely viscous with properties that
aid filtering and space filling functions (Singleton, 2013). The effects of HMW-HA in the
lungs are immunosuppressive, anti-angiogenic and anti-inflammatory; conversely, low
molecular weight HA (LMW-HA), stimulates angiogenesis, induces the expression of
inflammatory mediators, and decreases endothelial cell barrier function (Deed et al.,
1997; Horton, 1998).
Serving as an anchor, HMW-HA is found at the apical side of human airway
epithelium and is responsible for preventing the removal of host defense proteins during
mucociliary clearance (Monzon et al., 2010). Studies have shown that the synthesis of
HA is Significant in lung pathologies (Bai et al., 2005). The pulmonary cell types and
state of disease are determining factors for HA synthesizing enzymes (synthase) levels.
HA synthase and HA deposition in the lungs are closely related and important for lung
function; if there is an increase in HA synthase level, there would be an expected increase
in HA deposition (Lennon & Singleton, 2011). By altering downstream signaling
pathways thereby affecting cell responses, lung function can be affected directly by HA
degradation and by degradation products (Lennon & Singleton, 2011). For example, for
the promotion of vascular integrity in endothelial cells, HMWHA activates the standard
form of cluster of differentiation 44 (CD44s) while inhibiting the HA- binding protein 2
(HABP2) (Lennon & Singleton, 2011). Conversely, HA degradation product LMWHA
activates signaling of the variant form of CD44 (CD44v) whilst inducing HABP2

10

protease activity, leading to vascular leaking and other features of lung injury (Lennon &
Singleton, 2011).
2.4 Hyaluronan degradation by enzymes
HA degradation to lower molecular weight fragments can occur either by the
direct effect of reactive oxygen species (ROS) or by hyaluronan degrading enzymes, the
hyaluronidases. In cellular studies, it is proposed that HA is cleaved progressively by
coordinated enzymatic reactions generating the ever decreasing size of HA.
Hyaluronidases, hyal 1 and hyal 2, are involved primarily in somatic tissue catabolism.
The tethering of HA to the cell surface through the predominant HA receptor CD44 and
hyal 2, marks the beginning of degradation (Culty, Nguyen, & Underhill, 1992). Hyal 2
has been shown to be a glycosylphosphatidylinositol (GPI) anchored enzyme that is
attached to the plasma membrane’s external surface (Monzon et al., 2010). The initial
cleavage of high molecular mass HA gives rise to the production of lower molecular
weight HA in the order of 20kDa (Lepperdinger, Müllegger, & Kreil, 2001). Through the
action of hyal 1, fragmentation continues with some delivery to early endosomes and
lysosomes (Stern et al., 2006). There remains a gap in knowledge about the stage in
which fragmentation of HA changes from being an extracellular process to a
lyososomal/endosomal process.
2.5 ROS and lung injury
Reactive oxygen species (ROS) such as hydroperoxides, superoxides (O2-) and
hydrogen peroxides (H2O2) contribute to lung injuries associated with vascular lesions in
the lungs (Chabot, Mitchell, Gutteridge, & Evans, 1998). In endothelial cells, H2O2
appears to be damaging as it generates the hydroxyl group (OH) and O2- can react with
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NO under suitable conditions, producing ONOO–, a powerful oxidant. A given ROS
source may generate more than one type of oxidative species. For example, the
superoxide anion radical is converted to hydrogen peroxide in the presence of superoxide
dismutase (Soltés et al., 2006).
Excessive ROS generation is stimulated by are cytokines and inflammatory cells
in response to endotoxins, ischemia/ reperfusion, toxins and oxygen therapy (Chabot et
al., 1998). ROS can also be produced as a by-product of cigarette smoke and particulate
air pollution (Lennon & Singleton, 2011). The original school of thought was that
phagocytic cells only released ROS during host defense mechanisms but ROS serves as
signaling molecule in normal physiologic processes. In addition, ROS play a role in cell
signaling, inducing necrosis and activating cell signaling cascades (Soltés et al., 2006).
During inflammatory responses, an excess amount of O2- and NO are formed, making
peroxynitrite that degrades high molecular weight HA. Changes in the balance between
the precursors (e.g., O2- and NO), the intermediates (H2O2) and the degradative species
(-OH) determine which GAG component of the ECM will be destroyed.
A number of studies have proposed mechanisms that contribute to increased ROS
production in hyperoxia. A study by Freeman and Crapo et al showed an increased
electron leak from the mitochondrial respiratory chain which revealed a production of
oxygen (Freeman B & Crapo J, 1981). Parinandi et al reported that hyperoxia increased
ROS generation in cultured human pulmonary artery endothelial cells by NAD(P) H
oxidase (Parinandi et al., 2003).
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2.6 Hyaluronan degradation by reactive oxygen species
Hyaluronan degrading enzymes (hyaluronidases) are not the only factors that can
account for HA degradation in the lungs. In addition to the enzymes, reactive oxygen
species directly degrade HA to low molecular weights (Noble, 2002). In a study by
Monzon et al, the expression of hyal 2 was shown to be regulated by ROS (Monzon et al.,
2010) and mediated HA degradation. Moreover, hyal 2 and ROS together leads to
stimulation of further HA degradation. The authors speculated that exposure of HA to
ROS leads to the initial occurrence of HA degradation with subsequent degradative
actions occurring as a result of the upregualation of HA degrading enzymes (Monzon et
al., 2010).
By the action of a water molecule, the glycosidic bond of an HA macromolecule
can be cleaved, i.e. hydrolytic scission, yielding a lower molecular weight hyaluronan
molecule (Soltés et al., 2006). Thus, a hydrolytical reaction leads to HA degradation
whilst preserving its primary and chemical structure. When the backbone of the high
molecular weight hyaluronan is attacked by oxidative species, it results in the formation
of macroradicals plus a water molecule. This yields final products inclusive of lower
molecular weight HA with a chemical modification involved.
It still remains unclear how HA degradation mediated by hyperoxia directly or
indirectly through ROS and/or hyaluronidase and affects its structural and compositional
properties. This is mainly because some biomechanical properties of HA make it a
difficult molecule to study its structural degradation in vivo or in vitro. In this thesis, the
focus is to develop the tools and experiments necessary to study the structural alterations
of HA in the lungs.
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Chapter 3: Methods and Materials
This research project aims to find ways to study how HA degradation and its
contribution to the structure of the lungs can be measured in lung health and disease. Of
paramount importance in this research is to show how the mechanical properties of HA
are affected by its degradation. In light of these aims, work has been carried out and
different techniques explored. The details are provided herein.
3.1 Materials utilized in in-vitro studies
Unless stated otherwise, the following reagents were purchased from Sigma
Aldrich (Milwaukee Wisconsin); hydrogen peroxide, hyaluronidase from bovine testes,
sodium chloride, bovine serum albumin (BSA), sodium acetate, EDTA, agarose NA
( a highly purified agarose with a high gel strength), sucrose, stains-all, ethanol,
hyaluronan from rooster comb, Dulbecco's Modified Eagle Medium (DMEM) and Tris.
High molecular weight HA and low molecular weight HA were purchased from Fisher
Scientific (Fair Lawn, New Jersey), HA hydrogel HyStem kit ( Esi- Bio, Alameda CA),
mica disks (Ted Pella Inc. Redding California), Bradford reagent dye (Bio Rad, Hercules,
CA).
3.2 Hyaluronan degradation by hydrogen peroxide
HMWHA samples were prepared at 1mg/ml in water and treated with hydrogen
peroxide (H2O2) from Sigma. H2O2 final working concentrations were at 50 µM, 500 µM
and 5000 µM and the reaction was carried out for 24 hrs in a 1-2 ml reaction mix, at 4oC
with end-to-end mixing. The mixture was contained in an Eppendorf tube. Agarose gel
electrophoresis was then carried out with the samples.
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3.3 Hyaluronan degradation by hyaluronidase
Hyaluronan was prepared to a concentration of 2mg/ml in phosphate buffer (300
mM at pH 5.35 and 37 o C) in an Eppendorf tube. Immediately before use, hyaluronidase
was diluted to a working solution of approximately 8-25 units in cold enzyme diluent (20
mM sodium phosphate with 77 mM sodium chloride and 0.01% (w/v) BSA, pH 7.0 at 37
°C). The three hyaluronidase doses utilized were prepared to react with HA in a 2ml
reaction mixture at the following final working concentrations.
Dose 3 = 3-9.375 units
Dose 2 = 2- 6.25 units
Dose 1 = 1- 3.125 units
Agarose electrophoresis was carried out after 45 minutes of reaction.
3.4 HA exposure to hyperoxia
Hyaluronan was prepared in deionized distilled water to a final concentration of
0.5 mg/ml in eppendorf tubes and exposed to 24 hrs of ~85% oxygen treatment, 5% CO2,
balance N2 in a contained chamber. 0.5% agarose gel was prepared and used in the gel
electrophoresis carried out on the exposed HA samples.
3.5 Agarose gel electrophoresis
Agarose gel electrophoresis is a method used in the separation of a mixed
population of DNA or proteins based on their sizes and/or charge (Kryndushkin,
Alexandrov, Ter-Avanesyan, & Kushnirov, 2003). The principle applied involves the
application of an electric field to move negatively charged biomolecules through an
agarose gel matrix according to their size (Green R Michael & Joseph, 2001). The
agarose gel electrophoresis protocol used in this research was as adapted from methods
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by Lee and Cowman et al. Agarose solution of dimensions 10 x 62 cm were cast in a
Hoefer mini HE 33 submarine gel electrophoresis unit. Agarose gels were made to a
concentration of 0.5% (w/v) concentration by dissolving 0.2 g of agarose in 36ml of
water, and 35 sec heating in the microwave. The agarose gel was then transferred to a
48oC water bath for approximately 15 minutes and then mixed with 4ml of prewarmed
10x TAE buffer (400 mM Tris, 50 mM acetate [CH3COONa], and 9ml EDTA). The
resulting gel thickness was ~6.5 mm. Wells of 1 x 5 x 5.5 mm were set by using an 8tooth well forming comb set to a height of 1 mm from the bottom. The gel was then
allowed to set at room temperature for 20 minutes.
For electrophoresis run, the well forming comb was removed, the gel plate
transferred to the center of the electrophoresis unit and the unit filled with approximately
220 ml of 1x TAE buffer (a 10 fold dilution of the 10x TAE buffer) giving approximately
a 3 mm thick layer of buffer above the gel.
Samples of HA standards were prepared to a concentration of 0.5- 1.0 µg/ml in
phosphate buffered saline (PBS) unless stated otherwise. Each well of the gel contained
10 µl of water mixed with 5 µl of HA samples (the same volume of 5µl was applied for
both standards and HA samples) and 3 µl of loading buffer (0.02% bromophenol blue and
2M sucrose in 1x TAE). Electrophoresis was then carried out at room temperature at a
constant voltage of 20 V and 150mA current for 0.5 h and then 40 V for 3.5 h. At the end
of the run, the bromophenol blue tracking dye had migrated close to the end of the gel.
At the end of electrophoresis, the gel was covered in a 0.005% stains-all (in 50%
ethanol) solution. Staining of the gel was done in the dark and left overnight. Destaining
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was done by transferring the gel to a 10% ethanol solution. Finally the gel was scanned
and imaged using a Kodak in Vivo F Pro Imaging System (Cowman et al., 2011).
3.6 AFM tapping mode imaging of HA deposited on a prehydrated mica disc
HA from rooster comb was first dissolved to a concentration of 100 µg/ml in
water. This stock solution was further diluted to yield a final concentration of 10 µg/ml
solution in water. The mica disc was prehydrated after cleaving; storing under ambient
conditions for 16 hrs before use. HA solution was applied as a 4 µl drop of the 10 µg/ml
HA solution on the surface of the disc, allowed 120 sec for surface interaction and then
rinsed with 200 µl of water before air drying for 5 minutes. The mica was then used for
AFM imaging.
Tapping mode AFM allows for topographic imaging of surfaces of substances at
high resolutions. The AFM instrument (MFP3D; Asylum research, Santa Barbara, CA)
was used in AC/tapping mode and employed with etched silicon cantilever probes (length
15µm) at a drive frequency of 75 kHz and imaged using the software Igor Pro 6.22A. All
images were acquired at ambient temperature and humidity. Generally, the drive
amplitude was set to approximately 400-700 mV, however this and the set point voltage
(~800 mV) were often adjusted for best image quality. Height images were acquired at a
scan rate of 1.25 Hz and height images were taken from at least 5 different locations. For
calibration of the tip, we captured thermal data in air and performed an autotune fixing at
a target of 0.5%.
3.7 Mechanical properties study of nano-indentation of HA hydrogels
HA hydrogels, HyStem Kit (Esi Bio, Alameda, CA), is a unique Glycosan product
with technology based on a modified and cross-linked hyaluronan and gelatin from
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natural collagen. All modified macromolecules are then combined in the presence of a
cross-linker, to form this highly resorbable and biocompatible hydrogel.
3.7.1 Preparation of hydrogel on petri dishes
The 3 components of the hydrogel (Glycosil, Gelin-S and Extralink) are allowed
to come to room temperature. Degassed water (1 ml) is added to the Glycosil and Gelin-S
vials, after which they are placed horizontally on a rocker for ~40 minutes to allow for
full dissociation of solids. Degassed water (0.5 ml) is added to the Extralink vial; and,
mixing is done by inverting several times. Equal volumes of the Glycosil and Gelin-S are
mixed by pipetting and the hydrogel is completely formed when 0.5 ml of the Extralink is
added to this mixture (in a 1:4 volume ratio). All 60 mm cell culture dishes (Corning,
Tewksbury Massachusetts) were coated immediately with ~600 µl of hydrogel. Dishes
were allowed 30 minutes for gelation, covered with 3 ml of PBS and placed in 4oC
overnight. Each dish contains ~2.5 mg of hyaluronan.
3.7.2 Hydrogel degradation by H2O2 treatment
H2O2 was prepared at 50 µM, 500 µM and 5000 µM. 3ml of each treatment was
applied to each 60 mm hydrogel coated dish under aseptic conditions for 24 hrs. AFM
measurements were then carried out on each sample.
3.7.3 Hydrogel degradation by hyal treatment
Treatment of hydrogel coated dishes with 3-9.375units of hyaluronidase in cold
enzyme diluent (20 mM sodium phosphate with 77 mM sodium chloride and 0.01% (w/v)
bovine serum albumin, pH 7.0 at 37 °C) was applied for 45 minutes. Following this,
nano-indentation was carried out with the AFM on the gel substrate. Multiple
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measurements were conducted, but due to experimental challenges, only one set of results
were obtained.
3.7.4 AFM nanoindentation of hydrogels
The atomic force microscope (AFM) as a nano-indenter was utilized in
measuring the elastic modulus of the hydrogels, making use of a flexible cantilever beam
with triangular silicon nitride cantilevers (SiNi; Budget Sensors, Sofia, Bulgaria).
Measurements of the cantilever stiffness were taken at the beginning of experiments by
generating a force vs. deflection curve on the petri dish (relatively stiff substrate), which
was then used to calibrate the cantilever beams. The force applied in indenting the
hydrogel is related to the elastic modulus of the hydrogel, the geometry of the tip and the
spring constant of the cantilever beam. Force deflection curves were generated on
randomly selected spots on the hydrogel dishes over a rectangle of 24 µm x 2 µm. A
MATLAB code that was developed by Roan et al was used to batch process the forceindentation curves and calculate the elastic modulus of the gel substrates using the Hertz
model for a pyramidal probe. Elastic modulus values at each location were thus
determined from the relationship:
𝐸=

𝐹 [2(1 − 𝑣2)]
[1.4906 𝛿2 tan(𝜃)]

Where E is the elastic modulus, F is the force, v is Poisson’s ratio (assumed to be 0.49 for
a nearly incompressible substance such as the hydrogel), 𝛿 is the indentation distance,
and 𝜃 is the angle of the tip at half opening. The indentation depth chosen was 0.5 µm
due to the relative softness of the substrate. The maps were recorded at 50 µm X 25 µm
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(taking ~ 4 minutes to acquire) and measurements were taken at 15 different locations
within a hydrogel dish.
3.8 Measurements of protein levels in the supernatant of HA- hydrogel treated with
hyaluronidase
The Bradford assay, a colorimetric protein assay was used in determining the total
protein concentration in the supernatants from hydrogel treated with H2O2 and hyal. One
ml of Bradford reagent dye (Bio Rad) was added to 5 µl of supernatant and the
absorbance at 595 nm wavelength was read after 5 minutes. The concentration was
determined from a standard calibration plot.
3.9 A mouse alveolar epithelial cell culture on hydrogel coated dishes
Following the coating of dishes with HA hydrogel, a mouse alveolar epithelial
(MLE12) cell line was cultured in MLE-12 culture medium (DMEM) containing 10%
FBS (heat inactivated), 1% penicillin/ streptomycin and 1 mM glutamine on the 66 mm
cell culture dishes. The seeding density was at 60,000 cells/cm2 and the 25th passage was
used. Phase contrast images were recorded with a 10X and 20X objectives, using an
EVOS microscope (Advanced Microscopy Group, Bothell, WA) with 5 fields per plate.
3.10 In- vivo studies (Materials)
Unless stated otherwise, the following reagents were purchased from Sigma
Aldrich (Milwaukee Wisconsin); dimethylmethelene blue, chondroitin sulfate from shark
cartilage, guanidinium hydrochloride, proteinase K, 1, 4 dioxane, acetic acid, ascorbic
acid. PMSF (phenylmethylsulfonyl fluoride), aminocaproic acid, benzamidine HCl and 2,
6-di-tert-butyl-4-methylphenol were purchased from Fisher scientific (Fair Lawn, New
Jersey)
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3.10.1 Preparation of color reagents:
3.10.1.1 Dimethylmethylene blue
The color reagent was prepared by dissolving 16mg of dimethylmethylene blue
dye in 1 liter of water containing 3.04 g glycine, 2.37 g NaCl and 95 ml 0.1M HCl to give
a solution at pH 3.0, with an absorbance value of 0.31 at 525 nm. The reagent was stable
at room temperature and shielded from light for at least 3 months (Farndale, Buttle, &
Barrett, 1986).
3.10.1.2 Stains-All reagent
The stains-all dye was dissolved to a final concentration of 0.1 mM in distilled
water: 1, 4 dioxan (50:50, v/v) containing 1 mM acetic acid and 0.5 mM ascorbic acid.1,4
dioxan contained approximately 25ppm of 2,6-di-tert butyl-4-methyphenol as a
stabilizing agent (Homer, Denbow, & Beighton, 1993).
3.10.2 Lung isolation from mice
All experimental procedures and protocols were approved by the Institutional
Animal Care and Use Committee (IACUC #13-072) at the University of Tennessee
Health Science Center, Memphis, Tennessee. Nine (9) healthy male C57BL/6J mice aged
8–10 weeks were obtained and divided into three groups: spontaneously breathing with
hyperoxia for 24 hrs (SVHO-24hr), spontaneously breathing with hyperoxia for 72 hrs
(SVHO-72hr) and spontaneously breathing with normoxia (SVNO). SVHO mice were
exposed to 80% oxygen. All animals were anesthetized, trachea cannulated,
bronchoalveolar lavage fluid (BALF) was collected by lavaging the lungs with PBS and
EDTA and recovering the fluid volume. Finally the lungs were perfused to remove the
blood in the vascular spaces before isolation. The isolated lungs were then lyophilized
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for 24 hrs using a lyophilizer and the dry weight was used in the determination of wet/dry
weight, being an indication of edema (Moriondo et al., 2007).
3.10.3 Biochemical analysis
The lyophilized lungs were extracted for 48 hrs with guanidinium hydrochloride
(GuHCl), 0.4 M in 50 mM sodium acetate buffer, (pH 5.6), containing protease inhibitors
(5 mM benzamidine, 0.1M ε-aminocaproic acid, 10 mM EDTA, 5µl/ml PMSF)
(Moriondo et al., 2007), centrifuged at 4°C and 10,000 g for 1 hr, the pellet was then reextracted for 48 hrs with 4 M GuHCl in the same solvents and protease inhibitors as
described above (protocol by Moriondo et al) (Moriondo et al., 2007).
3.10.4 Spectrophotometric assay
3.10.4.1 Measurement of chondroitin sulfate
Calibration curves were generated by preparing solutions of the polyanion
chondroitin sulfate prepared to concentrations of 0-250 µg/ml. A 100 µl volume of the
acidic polymer was added to 2.5 ml of dimethyl methylene blue dye reagent and the
absorbance (at A525) was read 15 s after mixing. The GAG content was measured using a
spectrophotometric method as described by Farndale et al (Farndale et al. (1986)) using
the dye Dimethylmethelene Blue (DMMB) which forms a complex with sulfated GAGs
having a peak absorbance at 525 nm wavelength. The results of the calibration curve can
be found in appendix A-D.
3.10.4.2 Measurement of hyaluronan
Calibration curves were obtained spectrophotometrically by measuring the GAG
content in increasing concentrations of hyaluronan from rooster comb. Solutions of
hyaluronan were prepared to final concentrations between 0 and 200 µg/ml in distilled
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water, 100 µl of each solution was placed in a 2 ml cuvette (with 1cm light path) and 0.9
ml of stains-all reagent dye was added. Following the addition of the dye, 1 ml of water
was added to the assay mixture and the absorbance at 650 nm was read after 15 s. The
non-sulfated GAG forms a complex with the dye ‘stains-all’ detected at 650 nm
wavelength
3.11 Statistical analysis
One way ANOVA and HSD -Tukey test was carried out on results of nano
indentation studies and protein measurements of H2O2 treated hydrogels and a t test was
carried out on protein measurements of Hyal treated hydrogels. No statistical analysis
were carried out on nano indentation studies of hyal treated hydrogels (n=1).
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Chapter 4: Results
This thesis aims to develop methods by which the contribution of HA to lung
structure can be studied effectively in lung health and disease. In the lungs, degradation
of HMWHA to LMWHA results in angiogenic and inflammatory responses. Studying the
degradative action of reactive oxygen species, hyaluronidase, and hyperoxia on HA, and
observing how these changes affect its mechanical properties, is complex. This is because
HA in isolation has poor biomechanical properties such as being soluble and viscoelastic,
making it difficult to study its mechanical properties especially due to its degradation.
This study makes use of a powerful and metabolically stable hydrogel that has been
hydrophobically modified and chemically crosslinked by the manufacturing company,
Esi Bio (Alameda, CA). The thesis therefore shows how we can use this HA hydrogel to
study HA mechanical properties as it relates to its degradation by reactive oxygen
species, hyaluronidase and hyperoxia.
4.1 In-vitro studies
4.1.1 Slow degradation of HA by H2O2 and fast degradation of HA by hyaluronidase
To determine whether H2O2 could directly degrade HA, physiological doses were
chosen based on prior research (Albertini, De Luca, Miserocchi, Negrini, & Passi,
1998)(Fraiman, 1989) (Brezová, Gemeiner, Kogan, Soltés, & Stankovská, 2006). A dose
study of 50 µM, 500 µM and 5000 µM was set-up and using agarose gel electrophoresis
method developed by Cowman et al, 1 mg/ml mixtures of HA in water were treated with
these three doses of H2O2 for 24 hrs. Figure 2A shows the separation of HA components
by molecular size. Smear trailings below the HMWHA standard indicate degradation. Fig
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2A indicates that degradation of HA occurs at 5000 µM with no changes occurring at 50
µM and 500 µM. Also to determine that hyaluronidase degrades HA in vitro, we treated
HA (2 mg/ml) with 3-9.375 U/ml, 2-6.25 U/ml and 1-3.125 U/ml of hyaluronidase at 37
°C based on previous studies (Monzon et al., 2010). A progressive decrease in the
molecular weight across all 3 doses of hyaluronidase was observed (Figure 2B). To
determine whether high concentrations of oxygen alone could case HA degradation, HA
samples were also exposed (0.5 mg/ml in Eppendorf tubes) to 24 hrs of ~ 85% oxygen
treatment in a contained chamber. No degradation as a result of high oxygen treatment
was observed (Figure 2C).
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Figure 2. High molecular weight HA (>2000kDa), was degraded by H2O2
and hyaluronidase into lower molecular weight HA, but direct exposure to
HO did not degrade HA. (A) Degradation with H2O2 and (B) degradation by
hyaluronidase. In panel (A) 50 µm, 500µm, and 5000 µm of H2O2 are used
in lanes 3, 4, and 5, respectively (n=3). In panel (B) 1- 3.125 units, with 26.25 units, and 3-9.375 units of hyaluronidase are used in lanes 3, 4, and 5
respectively (n=3). In panel (C), HMWHA is exposed to 24 hrs of normoxia
or hyperoxia (~85% O2), n=2. Normoxia (NO), hyperoxia (HO), standards
shown here belong to gel 1.

4.1.2 AFM imaging of HA deposited on mica shows condensed chains of HA
In order to obtain HA structural/conformational information due to its
degradation, tapping mode AFM was deployed. Cowman et al have carried out studies
with AFM imaging aiming to show the different structural conformations of HA
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(Cowman et al., 2005). In this present study, based on their sample preparation
techniques, several images of condensed chains of HA were recorded (Figure 3) and only
1 image is shown. Imaging of mica was achieved in air and the HA chains appear to be
fully condensed. According to Cowman et al, conformations like these (long, wormlike
and rigid) are usually HA of very high molecular weight of ~6 x 106 Da.
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Figure 3. HA structural/conformational information can be obtained from
AFM. A 4µl drop of 10µg/ml HA (from rooster comb) was applied to a prehydrated mica. A: Tapping mode atomic force height image of condensed
chains of hyaluronan. 2000nm X 2000nm. B: Surface plot of the condensed
form of hyaluronan 700nm X 700nm

4.1.3 Elastic modulus of HA hydrogel increases with H2O2
To determine whether degradation of HA would affect its mechanical properties,
the elastic modulus of an HA Hydrogel treated with H2O2 was determined by nano
indentation. Hydrogel coated dishes were treated with 50 µM and 5000 µM of H2O2 for
24 hrs and the elastic moduli were measured using AFM. The AFM nano-indentation
studies on HA hydrogels by hydrogen peroxide revealed an increase in the elastic
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modulus of the hydrogel at 5000 µM where degradation was shown to occur (Fig 4A).
There was a 216% increase in elastic modulus and this demonstrated that the treatment of
HA by hydrogen peroxide was accompanied by a stiffening of the hydrogel.
We also examined the effect of hyaluronidase on the hydrogel. Hydrogel coated
dishes were treated with 3-9.375 units of hyaluronidase for 45 minutes. The results
revealed an 88% decrease in the elastic modulus of the hydrogel reported by one set of
results (Figure 4B). These experiments were carried out 3 times, but the low stiffness of
the hyaluronidase degraded HA prevented reliable measurements. Therefore, only 1 set
of results is reported.
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Figure 4. AFM nano indentation of HA hydrogels degraded with H2O2 showing
an increase in elastic modulus with H2O2 treatment and a decrease in elastic
modulus with hyaluronidase treatment. (A) H2O2 treatment: The hydrogel was
coated on a plastic culture dish and the measurements were conducted in
hydrated samples. Hydrogels receiving multiple doses of H2O2 were treated for
24 hrs (n =4, mean ± SE, *p<0.05, compared to H2O2 control).
(B)
Hyaluronidase treatment: Similarly, 45 min of 8-25 units of hyaluronidase was
applied to coated dishes. Multiple measurements were conducted, but due to
experimental challenges, only one set results are shown (n=1, mean ± SE)

4.1.4 Protein levels increased in the supernatant of HA hydrogel treated with H2O2 or
hyaluronidase
To determine whether the HA hydrogel degradation was accompanied by protein
disintegration from the gel matrix, supernatants from the treated and control hydrogels
31

were collected, and total protein content determined spectrophotometrically. Protein
levels of the supernatants collected from H2O2 and hyaluronidase treated hydrogels were
measured spectrophotometrically using the Bradford’s reagent for total protein
concentration. The results showed a significant increase in protein levels 35% occurring
at 5000µM H2O2 treatments, respectively.
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Figure 5. Protein levels increased in the supernatant of HA hydrogel treated with
H2O2 or hyaluronidase. H2O2 treatment: Protein levels in supernatant collected
from 24 hrs of H2O2 treatment at multiple doses (n=3, mean ± SE, *p<0.05,
compared to H2O2 control). Hyaluronidase treatment: Protein levels in
supernatant collected from 45 min of hyal treatment at 8-25 units of
hyaluronidase (n=3, mean ± SE, *p < 0.05, compared to hyal control).

4.1.5 A murine lung epithelial cell line cultured on HA – hydrogel
To determine the feasibility of growing cells on the hydrogels, a mouse epithelial
cell line (MLE12) was cultured for 2 days to confluence and phase contrast images (Fig
6) were captured. The images are consistent with phase contrast images of the MLE12
cells cultured on other substrates and they appear to be viable. More studies are necessary
to understand whether basic cell responses such as proliferation are similar to other
substrates as well.
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Figure 6. A mouse epithelial cell line was cultured for 2 days to confluence.
Phase contrast images at 10X (A-B), 20X (C-D) were recorded in 2 plates. Scale
4.2 In Vivo measurements
bar = 127µm

4.2.1 HA showed no degradation due to 24 and 72 hrs of hyperoxia exposure
To determine if hyperoxia caused fragmentation of HA in lungs in vivo, 6 mice
were exposed to 80% oxygen; 3 mice were exposed to high levels of oxygen for 24 hrs
while another group of 3 was exposed for 72 hrs. The control group consisted of 3 mice
spontaneously breathing. GuHCl was used to extract PGs following lyophilization of lung
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tissue. A spectrophotometric assay (using reagent dye stains-all) was used in the
determination of HA concentrations. Calibration curves were plotted at A650 and A480 (Fig
7), but the optimum absorbance level for the measurement of HA with this dye is at A650.
Results of the experiments are shown in Figure 8, where the amount of
glycosaminoglycan (GAG) extracted with 4M GuHCl are summarized for all the
experimental groups. Result shows that there is no difference in the amount of HA from
control mice and those of 24 and 72 hrs of hyperoxia exposure.
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Figure 7. Calibration curves for the polyanion hyaluronan from rooster comb
shows an absorbance maximum at A650 for HA stains-all assays. A 100µl volume
of hyaluronan (0.200µg/ml) was added to 0.9ml of stains-all dye reagent. 1ml of
water was added to 0.9ml of stains-all dye reagent. 1ml of water was added to the
reaction mixture. The absorbance was read at A650 and A480.
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Figure 8. Hyperoxia treated lungs from mice had a similar amount of HA
to normoxia treated lungs. Mice were exposed to NO, 24HO and 72HO
(~80% O2) (HO-hyperoxia, NO-normoxia, mean ± standard error, n=3)

4.2.2 Wet-to-dry ratio of mice lungs showed no difference to 24 and 72 hrs of hyperoxia
exposure
To determine whether hyperoxia exposure cause an increase in edema formation
14

in mice, the wet to dry weight ratios of hyperoxia treated mice were determined. In
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carrying out this study, the wet weight was first determined, then lungs placed in a
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lyophilizer for 24 hrs and the dry weight measured. The ratio then gives an estimate of
8
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0
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the water content in the lungs. The results (Figure 9) indicate no significant difference to
24 and 72 hrs of hyperoxia exposure.

Wet/Dry Weight ratio

12.0
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6.0
4.0
2.0
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Control (n=3) 24HO(n=3) 72HO (n=3)

Figure 9. The wet- to- dry weight ratios of mouse lungs showed no difference
between control, 24 and 72 hrs of hyperoxia exposure (~80% O2). Lungs were
weighed immediately after isolation for wet weight and re-weighed following
lyophilization, to obtain dry weight of tissue (n=3, mean ± Standard error shown).
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Chapter 5: Discussion
The aim of this thesis was to develop methods to study structural changes in HA
following degradation. Using bacterial HA, the molecular weight of HA was reduced
directly by hyaluronidase as expected, which is indicative of degradation. In addition,
high dose of hydrogen peroxide treatment also led to the degradation of the HA, but
treatment with 85% oxygen for 24 hrs did not lead to degradation. Using a commercially
available HA hydrogel, the elastic modulus was measured using an AFM as a nanoindenter. These experiments showed that hydrogen peroxide increased the elastic
modulus but hyaluronidase appeared to have reduced the elastic modulus of the HA
hydrogel.
All the doses used in this study are either physiologic or pathophysiologic, based
on prior research. According to a study by Britton Chance et al, there is a continuous
generation of H2O2 in the peroxisome and it maintains a quasi-steady state concentration
calculated to be approximately 0.001 to 0.1 µM H2O2 (Chance, Sies, & Boveris, 1979)
while Fraiman et al showed that the expired breath of healthy humans measured about
0.6mM H2O2. (Fraiman, 1989). The H2O2 doses (50 µM, 500 µM and 5000 µM) were
chosen represent normal and elevated levels of H2O2 production in the lungs. On the
other hand, the hyaluronidase doses used in this study were based on a reference on
hyaluronidase treatment of photopolymerized HA network using 10 to 100U of
hyaluronidase (Burdick, Chung, Jia, Randolph, & Langer, 2005). Electrophoresis results
show that both hyaluronidase and hydrogen peroxide led to reduced molecular weight,
i.e. degradation. However, hydrogen peroxide treatment led to an increase and the
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hyaluronidase led to an apparent decrease in the elastic modulus. There are multiple
plausible explanations for this contrasting result.
1) In degradation studies where the indenter leads to the compression of the
measured substrate, there are two possible outcomes: increase in E or reduction in
E. The increase in E could be a result of aggregation of the degraded material
leading to “denser” material. The decrease of E can be expected due to
instabilities arising from degradation, which still may allow the intact skeleton
structure to exist. However, this study shows that both the enzymatic and nonenzymatic treated hydrogels produced an approximate 0.04% protein from the
supernatant, i.e. only a small amount of protein left the matrix after treatment. It is
interesting that for big and contrasting changes in E (Figure 10), such small
amount of protein (~0.04%) left the gel.
2) The site at which H2O2 or hyal cleaves the HA molecule determines the order of
disintegration and rearrangement of the molecule. H2O2 degrades HA
predominantly via the hydroxyl radical by first reducing its molecular size (by the
abstraction of a hydrogen radical), then modifying its monosaccharide
components, thereby generating fragments of different properties from the
original macromolecule (Soltés et al., 2007). Hyaluronidase on the other hand
cleaves the internal β-Nacetyl-hexosamine [1–4] glucosidic linkages in HA,
thereby liberating oligosaccharides that contain at the reducing end, equimolar
glucuronic acid and N-acetylglucosamine at the non-reducing end of the chain
(Deliang, Zhou, Wei, Nie, & Yao, 2001). In this study, it is plausible that
measuring under compression the degradation of HA by H2O2 or hyal yields a
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change in elastic modulus depending on the site of cleavage and the selforganized aggregation of the uncleaved HA macroradicals (Figure 4).
3) Further crosslinking of the hydrogel by H2O2 is yet another plausible explanation
for the substrate stiffening response. Based on a study carried out by the
manufacturers of the hydrogel, the reaction to form the gel is a disulfide bond
being formed in the thiol group that depends on oxygen to occur (Shu, Liu, Luo,
Roberts, & Prestwich, 2002). A 30 min exposure to air allows for optimum
crosslinking and gel formation. Scanning electron microscopy or AFM topology
will give a better understanding of how thiolation of the hydrogel may be
affecting the results. Figure 10 shows that both control groups had similar values
of elastic modulus, thereby ruling out the possibility of an instrument limitation.
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Figure 11. Degradation of HA gel as a function of elastic modulus. Hyaluronidase
treatment results in weakening versus strengthening occurring in H202 treated hydrogels.

The use of AFM to measure the size and shape of the HA could be a powerful
tool in obtaining structural information about intact and degraded HA, especially since
AFM provides the necessary resolution required to define and establish the structural
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details of HA. If quantitative information could be derived from the images, then this tool
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could be utilized even further. One of the initial aims of this study was to explore AFM
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tapping mode imaging of prehydrated mica disks and apply the techniques in studying the
degraded conformations of HA. However, the complexities involved in the relaxation of a
condensed HA chain makes it difficult to compute quantitative measures and quantify the
structural differences in the conformations of HA chains, therefore this experimental
approach had to be discontinued due to the limitation of a molecular combing set up
(gentle stream of Nitrogen over the protein surface). Imaging of HA deposited on mica
was done in air as seen in Figures 2A and 2B.
Measurements of the amount of HA in mouse lungs showed no difference among
different treatment groups. However, evidence of tissue damage has been observed in
hyperoxia studies (Pardo et al., 1998). Denudation of basement membrane and hyaline
ECM formation are hallmarks of ARDS. The underlying thought in these experiments
was that LMWHA would wash away, thus leading to a reduction of the total HA
measured. It is likely that there are indeed changes to the HA as well even at the early
stages of HO treatment. Plausible reasons for the results obtained in this study (assuming
that there is a change that is not being measured) are:
1) An increased compensatory synthesis of HA by hyaluronan synthases. This
compensatory mechanism by cells and the ECM may be necessary to maintain or
return the lungs to normal homeostasis.
2) The amount of HA measured in the whole lungs may not be a good indication of
degradation. It is plausible that degraded HA may be trapped in interstitial spaces
and may be contributing to the overall measurement.

43

3) The amount of HA in mouse lungs after hyperoxia exposure may be the same
across all treatments groups, but the molecular weight distribution could show a
difference. This can be detected by agarose gel electrophoresis.
4) Indeed there is no difference, or our measurement technique is not sensitive
enough.
In order to conclude such studies, the collection of bronchoalveolar lavage (BAL)
fluid for the measurement of the HA, may be more appropriate.
There are some limitations to the approaches utilized in this study that could
potentially impact future studies carried out. For example, the wet-to-dry weight ratio of
mice treated with normoxia and hyperoxia lungs showed no significant difference to 24
and 72 hrs of hyperoxia exposure (Figure 9). A limitation in the measurement of wet-todry weight ratio would be the lung isolation technique, which involved the instillation of
saline for collection of BAL (for an unrelated study). This could account for the elevated
levels in wet-dry ratios and ultimately affect the overall results. There is little information
from literature about the quantitation of agarose gel electrophoresis images, making the
quantitation of the results impossible, which may be key for statistical comparisons.
The HA hydrogel kit contained a hydrophobically modified, denatured collagen
for cell attachment and the hydrogel solidifies rapidly after exposure to air, i.e. oxygen.
This raises the issue of non-specificity and whether the HA or collagen degraded with
hydrogen peroxide treatment. The latter, exposure to air, limits the time that the gel is
workable and the fact that hydrogen peroxide may lead to substantial cross linking. More
experiments may be necessary to elucidate the role of hydrogen peroxide degradation of
this gel.
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Chapter 6: Conclusions
Many ARDS patients are administered high levels of oxygen for extensive
periods and then mechanically ventilated. Although each alone has been shown to induce
injury in the lungs, the combination of the two has been shown to accelerate and increase
lung injury in animals (Makena et al., 2010; Roan et al., 2012). In addition, the treatment
of alveolar epithelial cells with excessive oxygen during mechanical strain was shown to
cause worse injury in the monolayer than either stimulus. The underlying theme is that
the cytoskeletal changes in epithelial cells render them less deformable and therefore
more susceptible to injury when stretched. The basis for the work presented in this thesis
is that it is possible that the alveolar ECM may also be contributing to the injury as it
undergoes alterations in ARDS. The focus was on HA as ROS induced hyaluronidase
production is shown to degrade HA to LMWHA (along with direct ROS degradation)
(Casalino-Matsuda et al., 2006; Monzon et al., 2010). Since HA is a key component of
the lung ECM, it is possible that its degradation weakens the lung parenchyma and this
leads to alterations in the overall lung response to deformation during mechanical
ventilation. For example the elastic recoil of the lungs would be affected by the stiffening
of the ECM and the way cells respond to changes in the mechanical environment. The
aim of this thesis was to develop experimental methods in which the structural changes in
HA could be assessed when treated with hyperoxia and its oxidative byproducts (Brezová
et al., 2006),(Lee & Cowman, 1994). The conclusions are listed herein.
1. Bacterial HA was degraded by hydrogen peroxide at high doses and by
hyaluronidase, but not by oxygen directly.
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2. AFM imaging appears to show the confirmation of HA polymers, but difficulty in
obtaining relaxed and elongated HA on mica makes it difficult to obtain
quantitative results for comparisons.
3. The amount of HA did not change in the lungs of mice treated with short-term
hyperoxia and their wet to dry weight ratios did not change either.
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Chapter 7: Limitations


The hyal treated hydrogel became difficult to measure by AFM as a result of its
softness and adherence to the AFM tip. Hyal treatment caused the hydrogels to
become soft. As a result of this, only 1 out of 3 experiments gave measurable
results. It became clear that the hyaluronidase treatment on hydrogels decreased
the elastic modulus of the gel. Batch to batch variability (from the manufacturing
company) of the hydrogel kit cannot be underestimated as a possible reason for
gel softening/ hardening after treatment, but the control elastic modulus of both
were close.



Complexities involved in the relaxation of the condensed forms of HA make it
difficult to quantify the structural changes to the condensed chains of HA.
Molecular combing using an equipment set up for a gentle stream of nitrogen over
the mica surface would be needed to obtain more relaxed or extended
conformations of HA.



There appears to be no literature showing the quantitation of agarose gel
electrophoresis images. Quantitation of the smear trailings on an agarose
electrophoresis image would be important for statistical analysis.



The HA hydrogel kit contained a hydrophobically modified collagen for cell
attachment that begins to solidify rapidly after exposure to air. This raises the
issue of the specificity of the hydrogen peroxide results presented here to the HA
macromolecule.
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Chapter 8: Future work


Further AFM nano-indentation experiments can be carried out on HA hydrogels
treated with hyaluronidase. AFM studies revealed that the hyaluronidase
treatment caused the hydrogels to become soft (<<1 kPa). At the same time, the
adhesion between the cantilever beam and gel increased with hyaluronidase
treatment, leading to challenging AFM nano-indentation. To combat this, we need
to better handle the softness and adhesiveness of the gel by using a less stiff and a
potentially coated cantilever probe. Coating of the probe would help prevent
adherence of the tip to the surface of the gel. A problem foreseen with the
reduction of the stiffness of the cantilever beam would be the difficulty in
controlling the amount of noise. Another approach could be to reduce the duration
and/or the concentration of hyaluronidase treatment to show that E is reduced
with hyaluronidase degradation.



Future studies on structural information from AFM would need to be carried out.
This would give insights as to how the structure of HA changes due to
degradation. More relaxation techniques have to be explored, for example
molecular combing using a dry stream of nitrogen on mica to give an extended
conformation of HA. This form of HA would present less problems for
quantification analysis on structural changes of HA due to it degradation.



The molecular weight changes of HA in mouse lungs can be measured to show
the potential increase in the amounts of LMWHA with hyperoxia. These studies
would require more experience in the selective degradation of interfering proteins
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present in the sample. Some enzymes required would be chondroitinase ABC and
proteinase k.


It was shown that cells can be grown on this hydrogel so future studies would
involve: growing lung epithelial cells on the HA hydrogel, exposing the cells to
short-term hyperoxia (≤ 72 hrs), detaching the cells while avoiding damage to the
substrate, and then measuring the elastic modulus of the HA hydrogel. This would
give us a better understanding about the impact of cells on HA stiffness. It would
also be interesting to take it a step further and stretch the cells using a cell
stretcher and stimulator to test at a sample strain of 20% the cellular impact on
HA degradation. The experiment would take us further into mimicking this
biological event under seemingly physiological conditions.



This study further shows that 24 and 72 hrs of mouse exposure to hyperoxia
caused a significant increase in chondroitin sulfate content in mouse lungs
(Appendix D). Chondroitin sulfate and heparan sulfate play an important role in
controlling tissue fluid balance and it would be interesting to investigate further
the consequence of their fragmentation.
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Appendix A
Plot showing calibration curves for two different extraction buffers for low
concentrations of the polyanion chondroitin sulphate (CSPG) from shark cartilage,
necessary for calculations of the amount of CSPG in mouse lungs after hyperoxia
exposure.
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Figure 12. Lower concentration calibration curves for the polyanion chondroitin
sulphate from shark cartilage. A 100µl volume of the acidic polymer (0-50µg/ml)
was added to 2.5 ml of dimethyl methylene blue dye reagent and the absorbance (at
A525) was read 15s after mixing, 0.4M and 4M extraction buffers used.
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Appendix B
Plot showing two different extraction buffers for high concentrations of the
polyanion chondroitin sulphate (CSPG) from shark cartilage. Necessary for calculations
of the amount of CSPG in mouse lungs after hyperoxia exposure.
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Figure 13. Higher concentration calibration curves for the polyanion chondroitin
sulphate from shark cartilage. A 100µl volume of the acidic polymer (0-300µg/ml)
was added to 2.5 ml of dimethyl methylene blue dye reagent and the absorbance (at
A525) was read 15s after mixing, 0.4M and 4M extraction buffers used.
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Appendix C
The plot is the absorbance spectra for CSPG. This was used in the determination
of optimum absorbance for measurements with DMMB dye.
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Figure 14. Absorbance spectra for the chondroitin sulphate from shark
cartilage. A 100µl volume of Chondroitin sulphate (100µg/ml) or water was
added to 0.9ml of stains-all dye reagent. Absorbance spectra were recorded
following the addition of 1ml of water.
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1.4

Appendix D
Plot showing the amount of CSPG in mouse lungs after hyperoxia exposure for 24
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Figure 15. The amount of sulfated GAGs (CSPG) extracted with 0.4M GuHCl and 4M
GuHCl per dry weight of tissue tested. (HO-hyperoxia, NO-normoxia, mean ± standard
error is shown *p=0.05, compared to 4M NO sample).
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